Because of their potential usefulness as natural food preservatives, increased interest has focused on bacteriocins from lactic acid bacteria. Mesentericin Y105 is a small non-lantibiotic bacteriocin (class II) encoded within a 35 kb plasmid from Leuconostoc mesentemides Y105 and it is active against Listeria monocytogenes. Using reverse genetic methodo~ogies, an 8 kb Drall fragment has been cloned that contains the mesentericin Y105 structural gene, mesY, which encodes a precursor of the bacteriocin with a 24 amino acid N-terminal extension ending with a Gly-Gly motif upstream of the cleavage site, which is typical of class II bacteriocins. Four other putative genes are associated with mesY within two divergent putative operons. In addition to mesY, the first putative operon is predicted to encode a protein, similar to that encoded by ORF2 in the leucocin A operon, whose function remains to be elucidated. The second putative operon contains three ORFs, two of Which, mesD and mesE, encode proteins that resemble ATP-dependent transporters and accessory factors, respectively. For three other class II bacteriocin systems (lactococcin A, pediocin PA-I, colicin v)# these proteins have been shown to be involved in bacteriocin secretion independently of the general sec-dependent secretion pathway. The last putative gene (mesa does not resemble any previously characterized gene. Results concerning the heterologous expression of the cloned mesY in Lactobacillus johnsonii NCK64 suggest that the maturation and secretion functions dedicated to lactacin F (another class II bacteriocin) are efficient for mesentericin Y105 as well. This characteristic may be of great interest in the development of industrial fermentation starters producing multiple bactericidal activities.
INTRODUCTION
Because of the trend to reduce the use of chemical additives in food protection against pathogens and other undesirable organisms, increased interest has been focused on bactericidal compounds produced naturally by organisms that are 'generally recognized as safe '. Antimicrobial activities of lactic acid bacteria have been widely investigated over the past decade (De Vuyst & Vandamme, 1994) . Among such natural inhibitors, proteinaceous compounds, called bacteriocins, inhibit closely related species (Tagg e t al., 1976) and, therefore, appear to be good candidates for use as biological food preservatives. The CenBanWEMBUDDBJ accession number for the sequence reported in this paper is X81803.
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The lactic acid bacterium Letlconostoc mesenteroides Y 105 isolated from goat's milk produces a bacteriocin (mesentericin Y 105) that is bactericidal against Listeria species (Hkhard e t al., 1992a, b) . This peculiar characteristic may be of great interest in the development of strains that are active against pathogens without affecting the natural microflora of dairy products and other fermented foods. Mesentericin Y105 is a small heat-stable peptide, devoid of lanthionine residues, and contains the N-terminal YGNGVXC consensus motif (Hechard e t al. , 1992a) commonly found in all anti-listeria bacteriocins and typical of the pediocin-like bacteriocins, as defined by Nieto Lozano e t al. (1992) . Therefore, it can be classified as a class IIa bacteriocin, according to the classification of Klaenhammer (1993) . Mesentericin Y105 as well as other class I1 bacteriocins provoke a depolarization of the cytoplasmic membrane of sensitive bacteria (van Belkum et al., 1991b; Chikindas et al., 1993; Maftah e t al., 1993; Venema et al., 1993; Abee e t al., 1994) .
Over the past five years, there has been a burst of research activity at the molecular level on the class I1 bacteriocins produced by lactic acid bacteria. To date, the primary structures for a few of these bacteriocins have been elucidated and their structural genes characterized. These include lactacin F from Lactobacillzrsjohnsonii (Muriana & Klaenhammer, 1991 ; Fremaux e t al., 1993; Allison e t al., 1994) , lactococcin A, B and M from Lactococczrs lactis subsp. cremoris (van Belkum etal., 1991a (van Belkum etal., , 1992 Holo etal., 1991) , leucocin A from Ln. gelidzrm (Hasting e t al., 1991) , pediocin PA-1 from Pediococczrs acidilactici (Marugg e t al. , 1992) , sakacin A from Lb. sake (Holk et al., 1992) , and carnobacteriocin A from Carnobacterizrm piscicola (Worobo et al., 1994) . Colicin V is another bacteriocin that can be classified within class 11, even though it is produced by Escherichia coli, a Gram-negative organism (for a review see Fath et al., 1992) . Colicin V export is independent of the general secretion pathway and involves two genes genetically linked and associated with the bacteriocin structural gene. These two genes, encoding an ATPdependent transporter and an accessory factor, have been well characterized for colicin V export. Of the class I1 bacteriocins from lactic acid bacteria, ABC transporter genes have only been cloned for lactococcins and pediocin PA-1 (Marugg et al., 1992; Stoddard e t al., 1992) . However, there is no biological evidence for their effective involvement in bacteriocin export.
In this study, the mesentericin Y105 structural gene (mesY) has been cloned from Ln. mesenteroides plasmid pHY30 using reverse genetics, and transferred to a strain of Lb. johnsonii. Heterologous expression was obtained and the bacteriocin was efficiently produced. The nucleotide sequence of mesY and its flanking regions have been determined. It appears to be encoded within an operon together with another ORF that encodes the putati-qe immunity peptide against mesentericin Y 105. A second operon, divergent from the mesY operon, encodes three proteins. Two of them, MesD and MesE, resemble the ABC transporters and their accessory factors, respectively. The third protein encoded within the operon does not display any similarity with proteins from databases.
METHODS
Bacterial strains, cultures and plasmids. Bacterial strains and plasmids used in this study are detailed in Table 1 . E. coli strains were propagated at 37 "C in LB broth or on agar (1.5 YO, w/v) (Sambrook e t al., 1989) . Ampicillin, erythromycin, IPTG and X-Gal were used at concentrations of 75,150,50 and 50 pg ml-', respectively. Erythromycin-resistant transformants of E. coli were selected on brain heart infusion agar plates (Difco). Lactic acid bacteria were propagated in MRS (Difco) broth or on agar (1.2 %, w/v) at 30 "C for Ln. mesenteroides strains and at 37 "C for Lb. johnsonii. When appropriate, erythromycin was added to 3 pg ml-'. L. monocytogenes E20 was grown at 30 "C in trypic soy broth (Difco). T o obtain plasmid-cured derivatives of Ln. mesenteraides Y 105, cultures were performed in MRS broth containing a sublethal concentration of novobiocin (5 pg ml-').
After about 15 generations, colonies were isolated, assayed for bactericidal activity and their plasmid content was analysed as described below.
Bacteriocin assays. The critical dilution assay (Mayr-Harting et al., 1972; Barefoot & Klaenhammer, 1983) was used for bacteriocin titration. Mesentericin Y 105 was assayed in MRS broth cultures that were propagated overnight. Twofold serial dilutions of cell-free supernatant were spotted on MRS agar and then overlaid with 5 ml tryptic soy agar (0.6 Yo, W/V) inoculated to 1 YO with the indicator strain. After overnight incubation at 30 "C, bacteriocin titres were determined and expressed in activity units per ml (AU ml-').
DNA manipulation, cloning and transformation. Plasmids from E. coli and lactic acid bacteria were extracted and purified as previously described by Sambrook e t al. (1989) and Muriana & Klaenhammer (1 987), respectively. Plasmid DNA was digested with restriction enzymes (Gibco-BRL) according to the supplier's recommendations. Analytical and preparative agarose gel electrophoresis in Tris-borate/EDTA (pH 8.3) was done according to the methods of Sambrook etal. (1989) . DNA restriction fragments were purified from agarose gels using the Prep-a-Gene kit (Bio-Rad). Recombinant DNA was obtained using the T4 DNA ligase (Gibco-BRL) following the manufacturer's recommendations. E. coli competent cells were prepared and transformed according to the methods of Hanahan (1983) . Lactic acid bacteria were transformed by electroporation in 0.2 cm cuvettes in a Gene Pulser apparatus (Bio-Rad; settings 25 pF, 2.5 kV, 200 Q). Electro-competent cells were prepared according to the method of Raya et al. (1992) . Hybridization. Plasmids and DNA fragments cleaved with the appropriate restriction enzyme were transferred from agarose gels to nylon membranes (Hybond-N + ; Amersham) as described by Southern (1975) , then treated according to the supplier's instructions. Probes were labelled by random priming as described by Sambrook e t al. (1989) .
PCR. mesY gene amplification by PCR was done using primers YN1,5'-GGATCCAAGTATTATGGTAACGGAGTTCAT-TGCACA, and YN2, 5'-ATGAATTCCCAGAAACCATTT-CCACCAT, deduced from the mesentericin Y 105 amino acid sequence (Htchard et al., 1992a) . Amplifications were carried out with Tag DNA polymerase (Perkin Elmer Cetus) according to the supplier's recommendations using the Gene Ataq thermocycler (Pharmacia) under the following conditions : 30 x (denaturation, 94 "C for 30 s ; annealing, 53 "C for 30 s; elongation, 72 "C for 1 min). DNA sequencing and computer analysis. Part of the 8 kb DraII (5235 bp) insert from pCFYC2(+) and -(-) has been sequenced. The insert was first subcloned in parts (see below, Fig. 2 , pCFYC3 and pCFYC4), then random nested deletions were created using the Erase-a-Base system (Promega) to generate plasmid for sequencing. Sequencing, based on the chain-termination method (Sanger et al., 1977) , was done with the Auto-read sequencing kit (Pharmacia) using either standard or specific primers with an automated DNA sequencer (ALF, Pharmacia). Sequence analysis was performed with the programs of the GCG sequence analysis software package.
RESULTS

Location of the mesY
To obtain a DNA probe specific to mesY, two oligonucleotide primers (YN1 and YN2) deduced from the amino acid sequence of the secreted mesentericin Y105 (MesY) were synthesized. YN1 fits the N-terminus of the mature MesY with a BamHI restriction site 5'-extension, and YN2 fits the C-terminus of MesY with an EcoRI restriction site 5'-extension. Using these primers, PCR amplification of a plasmid DNA preparation from Ln. mesenteraides Y 105 generated a unique DNA fragment of 127 bp. This fragment was cloned within the BamHI and EcoRI sites of pUC19, generating pYHYC1, and its sequence was determined. The DNA sequence of the cloned fragment encoded a deduced peptide that is identical to the mature MesY.
The BamHI-EcoRI insert from pYHYCl was purified from an agarose gel and used as a probe in Southern blot hybridization with plasmid DNA extracted from Ln. mesenteroides Y 105. The strain contains four plasmids, pHY30, pHY15, pHY3 and pHY2, of about 35, 15, 3.5 and 2.5 kb, respectively (Fig. la) ; the probe hybridized to pHY30 (Fig. lb) . Similar analysis with total DNA extracted from Ln. mesenteroides Y 105 displayed no hybridization to chromosomal DNA (not shown). These data located mesY within pHY30. In addition, Ln. mesenteroides Y105 derivatives (Ln. mesenteroides Y30, Y31 and Y32) that did not produce the bacteriocin were obtained by novobiocin treatment (0.5 pg ml-l). Plasmid profiling revealed the absence of pHY30 from these strains ( 
DNA sequencing of the mesY region
An 8 kb DraII fragment, purified from pHY30, which hybridized to the 127 bp BamHI-EcoRI mesY-specific sequence in pYHYCl was cloned within the DraII restriction site of pBluescript I1 SK( +), generating pCFYC2( +) and -( -), depending on the insert orientation ( Fig. 2) . Plasmids pCFYC3 and pCFYC4 were generated from pCFYC2( +) and -( -) by deletion of a 4 kb fragment using Sac1 restriction sites (one internal to the DraII insert and the other located within the multicloning site). Using these plasmids and deleted derivatives, and specific synthetic primers, 5235 bp out of the 8 kb DraII fragment have been sequenced (Fig. 3 ).
Computer analysis of the sequence, in all possible reading frames, identified two ORFs named mesl and mesY on one strand, and three ORFs on the other strand, named mesC, mesD and mesE, thus defining two gene clusters. Each ORF, except mesD, is preceded by a putative ribosomebinding site. Within the first gene cluster, mesY encoded a protein which consists of 61 amino acid residues. Amino acid residues 25 to 60, predicted from mesY (Hechard et al., 1992) , correspond entirely to the amino acid sequence determined for mesentericin Y105. This indicates that the mesY gene encodes a precursor of the bacteriocin with a 24 amino acid N-terminal extension, which is probably cleaved during secretion. Positioned 20 bp downstream of mesY, mesI is likely to start with the less frequently used TTG initiation codon, and encodes a putative protein of 113 amino acids. In E. coli, T T G replaces the ATG initiation codon in some genes (Kozak, 1983) , whereas in Letlconostoc sp. this phenomenon has been described only once (Hastings et al., 1991) . Just downstream of mesl, computer analysis predicted a stem-loop structure (the stem and the loop are 27 and 9 bp long, respectively) that might act as a terminator (calculated free energy of formation, AGO, -42.2 kcal mol-' ; -176-6 k J mol-l). Consequently, Lb. johnsonii NCK64 and NCK65, derived from the lactacin F-producing strain Lb.johnsonii NCK88 (Muriana & Klaenhammer, 1987) , were investigated for their ability to express mesentericin Y105. Both are lactacin F non-producing strains and are insensitive to mesentericin Y 105. NCK64 has a frameshift mutation within the lactacin F structural gene and NCK65 has a chromosomal deletion of about 10 kb affecting the lactacin F operon (Allison et al., 1994) . Good transformation efficiencies were obtained using pGKV210 and erythromycin selection; however, the efficiency decreased by two orders of magnitude when pCFYC5 was used for the transformations. Moreover, the resulting transformants had poor growth rates and decreased plasmid copy numbers. Their ability to produce mesentericin Y 105 was analysed (Table 2 ). NCK64(pGKV210) and NCK65(pGKV210) were not bactericidal against L. monoc_ytogenes E20. NCK64 and NCK65 transformed with pCFYC5 stably produced variable amounts of mesentericin Y105 ranging from 100 to 3200 AU ml-'. To analyse the efficency of the putative promoter located downstream of mesl, chloramphenicol MICs were determined for CFYC8 and -9 and compared to those of CFYC6 and -7 (containing pGKVZ10). No difference was observed between these strains. Thus, because of the absence of obvious coding sequences downstream of mesI (sequence not shown), the inverted repeats located behind mesl are likely to act as a transcriptional terminator.
Similarity of the mesentericin Y105 to the leucocin A-UAL 187
Hastings e t al. (1991) purified leucocin A, an anti-Listeria bacteriocin from Leuconostocgelidum UAL 187. In addition, they analysed a 1088 bp plasmid-derived fragment from Ln. gelidum UAL 187 that contains the precursor leucocin A gene (ORFl), the putative immunity gene (ORF2), and their upstream and downstream sequences. Hichard e t al.
(1992a) pointed out some striking identities between this bacteriocin and the purified mesentericin Y 105. Differences involved replacements of residues 22 and 26 of the mature peptide and an additional tryptophan at the C-terminus of the leucocin A. Analysis of the peptide sequence deduced from mesY confirmed the differences in position 22 and 26. However, similarly to leucocin A, MesY ended with a tryptophan residue. Analysis of the native MesY and leucocin A, deduced from their gene sequence, displayed a less conserved N-terminal extension (7 differences over 24 amino acids, data not shown).
Amino acid sequence alignment showed important similarities (74-5 YO identity, mostly located within the Cterminus) between the protein deduced from mesI (MesI) and the putative leucocin A immunity protein (deduced from ORF2, data not shown). However, no sequence similarity between mesl and ORF2 was found downstream. In addition, upstream of the leucocin A structural gene a truncated ORF has been found that is 72% identical to the N-terminus of MesC, and the resulting intergenic region is 77 YO identical to the promoter region between mesY and mesC (data not shown).
Similarity of the mesC-mesD-mesE gene cluster to ATP-dependent transport systems
Searches for protein homologies revealed that the proteins deduced from mesD (MesD) and mesE (MesE) share significant similarity with proteins known as ABC transporters and accessory factors, respectively. ABC transporters and accessory factors are two proteins that form secretion systems independent from the signal peptidedependent export pathway in various prokaryotic organisms (Fath & Kolter, 1993) . The predicted MesD consists of a large, mostly hydrophobic, N-terminus (with seven potential membrane-spanning segments), and a C-terminus containing the conserved 200 amino acid domain unique to ATP-dependent transporters (Fig. 3) (Fath & Kolter, 1993 
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AAATATTTTTATTTACATACTGTACARTMTTGGTTTGTAATTTTTATATCGAACTAA 5040 1992), respectively. Hydrophobicity analysis of the deduced MesE predicted a mostly hydrophilic protein with the exception of the region from residues 20 to 42. Within this region, computer analysis (Klein e t al., 1985) indicates a putative a-helix (residues 22 to 42, Fig. 3 , 1994) , and indeed, analysis of the mesentericin Y105 propeptide points out some of the striking similarities common to all the class I1 bacteriocin propeptides (Fremaux et al., 1993) . Gene sequence determination confirmed the amino acid sequence of mesentericin Y105 obtained from the purified peptide except for an additional tryptophan in the terminal position. Therefore, in spite of minor differences in the amino acid sequence, this bacteriocin is believed to be truly different from the leucocin A, because of their different activity spectra and their mode of action (bactericidal versus bacteriostatic). In addition, comparison of the DNA sequence over 1088 bp between leucocin A and mesentericin Y105 genetic loci showed numerous differences, mostly located at the wobble position in the coding regions (not shown). This probably reflects a divergent genetic evolution of a common ancestor plasmid that underwent mutagenesis and rearrangement, the latter explaining the low similarity level observed within the regions downstream of the operon. (Hui & Morrison, 1991) . Phylogenetic analysis indicates that these four proteins formed one branch of a large phylogenetic tree grouping the ATP-dependent transporters (Fath & Kolter, 1993) . Globally, these data suggest that MesD participates in mesentericin Y 105 exportation, and indeed, as for all the ATP-dependent transporters, the central region of MesD presents a membrane-spanning domain containing several putative trans-membrane-helices, and the C-terminal region contains the highly conserved ATP-binding domain. Many of the dedicated bacterial exporters require additional proteins beside the transporter itself to form a functional complex. One protein is referred to as the accessory factor, where its structural gene is usually linked to the ATP-dependent transporter gene within an operon (Fath & Kolter, 1993) . In particular, LcnD and ComB are required for the production of lactococcin A and the competence factor from S. pnetrmoniae, respectively, and they share sequence similarity with the accessory factor from Gram-negative bacteria. The gene mesD, encoding the putative transporter of mesentericin Y105, is genetically associated with two other genes in an operon (mesC and mesE), from which mesE encodes a protein having 52.7% similarity to LcnD, thus suggesting a possible role in bacteriocin secretion.
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T o analyse the mesentericin Y105 operon, shuttleplasmid pCFYC5 containing mesY and mes1 was constructed. Unfortunately, none of the attempted electroporation protocols yielded any transformant of Ln. mesenteroides Y30. Consequently, trials to express the cloned structural gene of mesentericin Y105 were done in a heterologous host that does not express any anti-Listeria activity. Lb. johnsonii NCK64, a non-producing derivative of the natural lactacin F producer (see Table 1 ) with a frameshift mutation in the lactacin F structural gene, was chosen. Bactericidal activity against Listeria was obtained with NCK64 clones containing pCFYC5, suggesting that NCK64 contains the whole machinery required for the production of the mesentericin Y105. It is possible that the lactacin F maturation and secretion functions can support heterologous expression of mesentericin Y 105.
However, the lower level of bacteriocin, compared to the parental mesentericin Y 105 producer, likely reflects decreased affinity of these functions for mesentericin Y 105. Another explanation lies in an insufficient expression level of these chromosomally encoded functions for the expression of the bacteriocin gene located on the multi-copy plasmid pCFYC5. Heterologous bacteriocin production has also been obtained for lactacin F in Ln. gelia'mz UALl87, which naturally produces leucocin A (Klaenhammer e t al. , 1994) . Therefore, these overall data, in addition to protein sequence similarities and common processing sites, provide strong evidence for the operation of homologous processing and export systems for the production of the class I1 bacteriocins from lactic acid bacteria. This peculiar feature may be of great interest for future development of engineered strains for industrial fermentations that produce various bacteriocins that are active against a broad spectrum of pathogens.
